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Edited by Miguel De la RosaAbstract Perturbed angular correlation of c-rays (PAC) spec-
troscopy of cadmium substituted plastocyanin shows one domi-
nant metal site conﬁguration at pH 7.5. Lowering the pH to
4.8 a fraction of the molecules undergoes structural change
and loses the bound cadmium ion. At pH 4.4 all plastocyanin
is in the apo-form. Increasing the pH back to neutral pH values
two distinct metal site coordination geometries were observed.
One of the two signals is the same as that found initially at
pH 7.5; the other form is stable for hours at 1 C, indicating
the existence of a long lived intermediate metal site structure.
The cadmium ion is surrounded by the same ligands (His37,
Cys84, His87 and Met92) in both forms, however the metal cen-
ter in the long lived intermediate metal site structure can be best
described by a larger His–metal–His angle.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Plastocyanin (Pc) is a small blue copper protein (10.5 kDa)
found in the thylakoid lumen of the chloroplast, where it func-
tions as an electron carrier protein between cytochrome b6f
and Photosystem I [1,2]. The three-dimensional structures of
a number of oxidized and reduced forms of plastocyanins from
various species have been determined by X-ray crystallography
[3–12] and NMR spectroscopy [13–18]. Despite the diversity in
amino acid sequences the overall topology and the metal site
structure of the protein is shown to be very similar among
the Pcs from various species. The polypeptide chain of approx-
imately 100 amino acids forms an eight-stranded b-sandwich
structure. The type I copper ion is located at the ‘‘northern
part’’ of the protein in a distorted tetrahedral geometry. This
coordination geometry is responsible for the unusual spectro-
scopic properties and the deep blue color of the oxidized form.
The copper ion is coordinated by two histidine (His87, His37)
and a cysteine (Cys84) ligands in an almost planar conﬁgura-
tion. Perpendicular to this plane a methionine residue
(Met92) is found at a longer distance (2.9 A˚). The structureAbbreviations: PAC, perturbed angular correlation of c-rays; NQI,
nuclear quadrupole interaction; Pc, plastocyanin
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doi:10.1016/j.febslet.2006.09.076of the oxidized type I copper center is very similar to the
reduced one [8–10,14,19]. The small changes in geometry of
the copper site gives small reorganization energies, which is
essential for high rate electron transfer between Pc and its
redox partners.
With perturbed angular correlation of c-rays (PAC) spec-
troscopy the nuclear quadrupole interaction (NQI) between
the nuclear quadrupole moment (Q) of the nucleus and the
electric ﬁeld gradient (EFG) originating from the surrounding
charge distribution can be measured [20,21]. In metal ion con-
taining proteins, the EFG originates from the surrounding
ligands at the metal sites. For PAC experiments the metal
ion in the protein is replaced by a radioactive isotope which de-
cays through emission of two successive c-rays. The PAC tech-
nique is a very sensitive to the ﬁrst coordination sphere of the
metal ion, which enables to distinguish between metal site
structures diﬀering in only a couple of degrees in ligand–me-
tal–ligand angles. In this study we used PAC spectroscopy to
monitor the metal site structure in Cd–Pc at diﬀerent pH val-
ues, with particular focus on structures present after lowering
pH to the point where the metal ion dissociates and subse-
quently returning to neutral pH.2. Material and methods
2.1. PAC spectroscopy
2.1.1. Preparation of Cd–Pc. Spinichis oleracea was obtained from a
local market and Pc was puriﬁed according to the procedure of Ellefson
et al. [22]. The radioactive isotope 111mCd and the apo-plastocyanin for
the PAC experiments were prepared as previously described in [23]. The
concentrated Pc sample was kept frozen at 80 C and was quickly
thawed and incubated with 111mCd before the PAC experiment.
2.1.2. Perturbed angular correlation of c-rays. The PAC instrument
measures the time dependent probabilitiesW(h, t) by detecting the sec-
ond c-ray at an angle h and a time t after the ﬁrst emitted c-ray. The
PAC instrument consist of six BaF2 scintillation detectors where pairs
of the detector form either 180 or 90 detector–sample–detector angels
and collects correlated data in 800 time bins of 0.562 ns [23].
The perturbation function G22(t) contains the information about the
nuclear quadrupole interaction (NQI) and it is calculated from the geo-
metric mean of measured probabilities W ðh; tÞ using: A22G22ðtÞ ¼
2 W ð180
 ;tÞW ð90 ;tÞ
W ð180 ;tÞþ2W ð90 ;tÞ. The NQI can be described by the following tensor:
x ¼ V 12pjeQj=40h, where V is the electrical ﬁeld gradient tensor and
Q is the electric quadrupole moment of the cadmium nucleus in the
intermediate state (I = 5/2) between emission of the two c-rays. For
randomly oriented molecules the NQI can be described by only two
independent parameters, for example by jxzzj and jxyyj, where the
principle axis system is chosen such that jxzzj P jxyyj P jxxxj. The
perturbation function is analyzed by conventional v2 ﬁtting routines
to equations as described in [24] yielding the NQI parameters jxzzj,
jxyyj, Dx/x, and sR. In general, it is necessary to include rotationalation of European Biochemical Societies.
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quency broadening reﬂects the distribution of surroundings that the
PAC isotope is in, whereas the rotational correlation time, sR, refers
to the molecular tumbling rate, which for a spherical molecule is
sR ¼ V nkBT [25], where V is the molecular volume, n is the solution viscos-
ity, kB is the Boltzmann constant, and T is the absolute temperature. In
cases where more than a single NQI is present, the perturbation func-
tion is the sum of the diﬀerent perturbation functions, where each NQI
weighs by population. All PAC spectra were recorded at 1 C in 55%
w/w sucrose solution.
Measured PAC NQI parameters were modeled using the BASIL
(previously denoted the AOM) model [26]. The BASIL model is a
semi-empirical molecular orbital model based on observed NQIs for
a series of cadmium containing coordination compounds. It is origi-
nally assumed in the model that the contribution of a ligand to the
charge distribution is independent of the other ligands and that the
charge distribution is axially symmetric around the ligand–metal ion
bond. It was shown in case of cadmium complexes that the partial
NQI parameter of a ligand strongly depends on the Cd–ligand distance-0.02
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Fig. 1. Perturbation functions (left) and Fourier-transforms of PAC spec
measured, solid lines: ﬁtted spectra). First panel: before, last panel: after pH
corresponding to the new form.and can be modeled with an r3 function in the form: x(r) = x(r0)(r0/
r)3, where x(r) and x(r0) are the NQI parameters at distance r and at
normal bond length (r0) [27]. We used partial the NQI parameters listed
in [21] with the extension, that the metal–ligand distance was also taken
into account. The partial NQI parameters for histidine and cysteine res-
idues determined from model complexes are 95 Mrad/s [26] and
300 Mrad/s [28], respectively. In type I coordination geometry the Sd
from the Cys84 residue is approximately 0.1 A˚ closer to the copper
ion than in inorganic model complexes [29]. If we assume that the
Cys84–metal bond is 0.1 A˚ shorter in the Cd–Pc as well, and the dis-
tance dependence can described by an r3 function, the partial NQI
for the Cys84 residue has to be replaced by approximately 345 Mrad/s.3. Results
The change in the metal site structure of Cd–Pc was ob-
served by PAC spectroscopy at pH 7.5 before and after pH[arbitrary units]
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tra (right) of Cd–plastocyanin at diﬀerent pH values. (Dotted lines:
reduction; the arrow indicates the second peak in the Fourier spectrum
Table 1
NQI parameters for Cd and Ag plastocyanin
Form jxzzj (Mrad/s) jxyyj (Mrad/s)
‘‘A’’ 350 ± 4 253 ± 4
‘‘B’’ 312 ± 5 248 ± 4
Table 2
Relative amount of cadmium bound to Pc and free cadmium
pH value Cadmium ion bound Pc (%) Free cadmium ion (%)
7.5 100 0
4.8 89 ± 5 11 ± 5
4.6 41 ± 6 59 ± 6
4.5 27 ± 4 73 ± 4
4.4 4 ± 4 96 ± 4
Table 3
Relative ratios of the two forms (‘‘A’’ and ‘‘B’’) at diﬀerent times after
pH increase
Time after pH increase (h) ‘‘A’’ form (%) ‘‘B’’ form (%)
1 56 ± 5 44 ± 5
3 72 ± 5 28 ± 5
Fig. 2. Representation of the metal site structure of oxidized spinach
plastocyanin (PDB code: 1AG6).
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the corresponding Fourier transformations of Cd–plastocya-
nin at diﬀerent pH values are shown in Fig. 1. The spectrum
taken at pH 7.5 before pH reduction could be satisfactorily ﬁt-
ted with one NQI parameter set arbitrarily denoted as ‘‘A’’,
indicating one dominant metal site conformation (Table 1).
Reducing the pH to 4.8, partial metal ion dissociation from
the protein was observed (Table 2). At pH 4.4 only free cad-
mium ion could be seen in the PAC spectra, indicating, that
all Pc molecules were in apo-form.
After increasing the pH back to 7.5 the re-association of the
cadmium ions to proteins was observed, but instead of one,
two NQI parameter sets were necessary to ﬁt the data (‘‘A’’
and ‘‘B’’) (Table 1), indicating two distinct conﬁgurations of
the metal-site (last panel in Fig. 1). That is, after pH increase
the original signal reappeared but in addition a signal from a
new conformer appears in the PAC spectrum. The latter is
shown to exist for at least 3 h at 1 C, as the ratio between
the populations of the ‘‘A’’ and ‘‘B’’ form changed very slowly
during the ﬁrst three hours after pH increase (Table 3).Table 4
Experimentally determined (‘‘A’’ form) and calculated NQI parame-
ters
jxzzj (Mrad/s) jxyyj (Mrad/s)
Experimentally determined
NQI: ‘‘A’’ form
350 ± 4 253 ± 4
BASIL model calculations 348 2544. Discussion
The crystal structure of the oxidized spinach plastocyanin
has been previously determined [12]. The metal ion is sur-
rounded by Met92, His37, His87 and Cys84 ligands in a dis-
torted tetrahedral geometry (Fig. 2).
In this type I coordination geometry the metal–Cys84 bond
is unusually strong and short (2.1 A˚), while the Met92 resi-
due is found at an unusually long distance (2.9 A˚) from the
copper ion compared to other small cupric complexes
[29,30]. It was shown using PAC spectroscopy that the axial
methionine does not take part in the bonding to the metal
ion in cadmium and silver substituted azurin and Pc, but most
likely plays a role in the stabilization of the metal site geometry
[23,31]. Taking the short Cys–Cd distance into account, the ﬁt-
ted NQI parameters for the ‘‘A’’ form are in very good accor-
dance with the calculated NQI parameters based on the knownstructure of oxidized spinach Pc (Table 4), conﬁrming that be-
fore pH reduction the structure of the metal site in Cd–Pc is
same as in the oxidized native Pc.
The ‘‘A’’ form of Cd–Pc is observed down to pH 4.8, where
approximately 10% of the molecules undergo dissociation of
the cadmium ion. At pH 4.4 most Pc molecules are in the
apo-form (Table 2).
After increasing the pH back to 7.5 the re-association of cad-
mium to plastocyanin occurs rapidly but additional new peaks
appear in the PAC spectrum corresponding to a new metal site
conﬁguration (‘‘B’’ form) (Fig. 1). The ratio between the pop-
ulations of the two forms changed slowly in the ﬁrst 3 h after
the pH increase, indicating the existence of two local minima
separated by an energy barrier large enough to hinder fast ex-
change between the two forms at 1 C (Table 3).
The ‘‘B’’ form could be ﬁtted with almost the same jxyyj
parameter as the ‘‘A’’ form, and with an approximately
40 Mrad/s lower jxzzj parameter (Table 1). The similarity of
the ﬁtted NQI parameters indicates that the coordinating li-
gands are the same in the two forms, but that arrangement
of the ligands diﬀers. Using the BASIL model diﬀerent possible
geometric arrangements of the ligands can be tested. Changing
one or more of the Met92–metal–ligand (His87, His37 or
Cys84) angles signiﬁcantly, would decrease the jxyyj values
drastically, which has not been found, suggesting that the three
coordinating ligands remain in an almost planar conﬁguration.
6864 K.N. Sas et al. / FEBS Letters 580 (2006) 6861–6864Changes in the position of the Cys84 residue would not aﬀect
signiﬁcantly the jxzzj parameter, because the decrease of one of
the Cys–metal–His angles involves the increase of the other
Cys–metal–His angle and the combined eﬀect on the PAC
spectrum would be very small. Interestingly, the only possibil-
ity which can give NQI parameters close to the ﬁtted ones
using the BASIL model is the enlargement of the His–metal–
His angle from 103 by approximately 20 (Fig. 2).
The results of this study indicate that in Cd–Pc two confor-
mations having diﬀerent metal site structures can exist at a
timescale of hours. One conformer corresponds to the crystal
structure; while the other form, which is shown to be a long-
lived intermediate structure, has a metal center which can be
best described by the same coordinating ligands, but a larger
His–metal–His angle.
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